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ABSTRACT
We report the discovery of TOI 694 b and TIC 220568520 b, two low-mass stellar companions
in eccentric orbits around metal-rich Sun-like stars, first detected by the Transiting Exoplanet Sur-
vey Satellite (TESS). TOI 694 b has an orbital period of 48.05131±0.00019 days and eccentricity
of 0.51946±0.00081, and we derive a mass of 89.0±5.3 MJup (0.0849±0.0051 M) and radius of
1.111±0.017 RJup (0.1142±0.0017 R). TIC 220568520 b has an orbital period of 18.55769±0.00039
days and eccentricity of 0.0964±0.0032, and we derive a mass of 107.2±5.2 MJup (0.1023±0.0050 M)
and radius of 1.248±0.018 RJup (0.1282±0.0019 R). Both binary companions lie close to and above
the Hydrogen burning mass threshold that separates brown dwarfs and the lowest mass stars, with
TOI 694 b being 2-σ above the canonical mass threshold of 0.075 M. The relatively long periods
of the systems mean that the magnetic fields of the low-mass companions are not expected to inhibit
convection and inflate the radius, which according to one leading theory is common in similar objects
residing in short-period tidally-synchronized binary systems. Indeed we do not find radius inflation for
these two objects when compared to theoretical isochrones. These two new objects add to the short
but growing list of low-mass stars with well-measured masses and radii, and highlight the potential of
the TESS mission for detecting such rare objects orbiting bright stars.
Subject headings: Low mass stars, M dwarfs, Eclipsing binaries, stars: individual (TOI 694,
TIC 55383975, TIC 220568520)
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21. INTRODUCTION
The stellar initial mass function (IMF) shows a maxi-
mum at or close to 0.1 M, at the bottom of the main
sequence (see e.g., Chabrier 2003; Bonnell et al. 2007;
Andersen et al. 2008; Krumholz 2014, and references
therein). That, combined with the increase in main se-
quence lifetime with decreasing stellar mass means that
stars around 0.1 M are the most abundant stars in the
galaxy. However, despite their abundance the precise
measurement of their stellar properties, specifically ra-
dius and mass, is hindered by their low luminosity, lead-
ing to only a small number of objects at ∼0.1 M with
precisely measured radius and mass.
Precise measurements of those properties are desirable,
for example, when low-mass stars are found to host plan-
ets, since the precision of the measured planet parame-
ters depends on the precision of the host star parame-
ters. The latter is especially relevant to low-mass stars
since their small radius and mass provides an opportu-
nity to detect smaller planets orbiting them compared to
larger, Sun-like stars (this is commonly known as the “M-
dwarf opportunity”, see e.g. Gould et al. 2003; Nutzman
& Charbonneau 2008).
One way to detect such low-mass stars whose mass
and radius can be precisely measured is through wide-
field photometric transit surveys. The signal searched
for in those surveys scales quadratically with the radius
of the transiting object, and the radius of the smallest
stars is the same as that of gas giant planets, resulting in
similar signals. This was already exemplified by several
discoveries (e.g., Pont et al. 2005; Dı´az et al. 2014; Zhou
et al. 2014; Chaturvedi et al. 2016; von Boetticher et al.
2019).
A comparison between the sizes and masses of low-
mass stars to theoretical predictions has shown that the
measured stellar radii tend to be larger than expected
(e.g. Ribas 2006; Torres et al. 2010; Kesseli et al. 2018)
by about 5–10%. The leading hypothesis for the inflated
stellar radius is strong magnetic fields that inhibit con-
vection, leading to decreased heat flow and in turn in-
creased radius (Chabrier et al. 2007). The magnetic
fields are strengthened by the relatively fast stellar ro-
tation resulting from spin-orbit tidal synchronization in
short orbital period systems (Mazeh 2008). Given that
these systems are detected through photometric transit
surveys it is not surprising they tend to have short peri-
ods (shorter than ∼10 days).
Here we present the discovery of two longer-period
eclipsing binary systems with low-mass companions close
to 0.1 M detected by the Transiting Exoplanet Survey
Satellite (TESS) mission: TOI 694 b, with a period of
48.1 days, and TIC 220568520 b, with a period of 18.6
days. The long orbital periods mean that the compan-
ions are not expected to be tidally synchronized, so they
are not expected to rotate rapidly and their magnetic
fields are not expected to be strong enough to impact
the stellar radius. We describe the TESS and ground-
based observations in Section 2, and the data analysis
in Section 3. We discuss our results in Section 4 and
conclude with a summary in Section 5.
2. OBSERVATIONS
Basic photometric and astrometric information about
the two targets studied here is given in Table 1.
2.1. TESS Photometry
TOI 694 (TIC 55383975; V = 11.963 mag) was ob-
served by TESS Camera 4 during a total of 12 Sectors.
It was observed in 2-minute cadence on Sector 1 (UT
2018 July 25 to UT 2018 August 22), Sectors 4 through
9 (UT 2018 October 18 to UT 2019 March 26), and Sec-
tors 11 through 13 (UT 2019 April 22 to UT 2019 July
18). The target was within the field of view also in Sec-
tors 2 and 3 (UT 2018 August 22 to UT 2018 October
18), but since it was not included in the pixel stamps
observed with 2 minute exposures during those sectors
we use the Full Frame Image (FFI) observations with a
cadence of 30 minutes. TESS observations were inter-
rupted between each of the 13.7 day long orbits of the
satellite when data were downloaded to Earth. The 2-
minute data were processed by the Science Processing
Operations Center (SPOC; Jenkins et al. 2016) pipeline
which produced two light curves per sector called Simple
Aperture Photometry (SAP) and Presearch Data Condi-
tioning Simple Aperture Photometry (PDCSAP; Smith
et al. 2012; Stumpe et al. 2012; Stumpe et al. 2014) and
identified 1.5% deep transit-like dips every 48.1 days.
The FFIs were processed by the Quick Look Pipeline
(QLP; Huang et al. in prep.). The TESS light curves are
shown in Figures 1 and 2.
TIC 220568520 (V = 12.039 mag) was observed by
TESS Camera 3 during Sectors 1 through 3, from UT
2018 July 25 to UT 2018 October 18. The target’s light
curve was derived from the FFIs, with a 30 minute ex-
posure time, by QLP where transits were identified with
a high signal to noise ratio (SNR) every 18.2 days. The
TESS light curves are shown in Figures 3 and 4. The
decreased scatter in Figures 3 and 4 relative to Figures
1 and 2 is due to the longer integration time, which de-
creases the noise per exposure.
2.2. Spectroscopic follow-up
To characterize the stellar properties of the primary
star and measure the mass of the transiting compan-
ion we obtained series of spectroscopic observations with
the 1.5 m SMARTS/CHIRON, ANU 2.3 m/Echelle, Eu-
ler 1.2 m/CORALIE, and MPG/ESO 2.2 m/FEROS fa-
cilities. The radial velocity (RV) measurements are sum-
marized in Table 2 and shown in Figures 5 and 6 for
TOI 694 and TIC 220568520, respectively.
For both objects we obtained time series radial velocity
with the 1.5 m SMARTS/CHIRON facility (Tokovinin et
al. 2013), located at Cerro Tololo Inter-American Ob-
servatory (CTIO), Chile. The spectra were obtained
with CHIRON in the fiber mode, with a spectral resolv-
ing power of R ∼ 25, 000 over the wavelength region of
4100 A˚ to 8700 A˚. These observations were used to con-
strain the systems’ RV orbit. Fourteen CHIRON spectra
were obtained for TOI 694 from UT 2019 October 7 to
UT 2020 February 17, and ten spectra were obtained for
TIC 220568520 from 2019 August 31 to 2019 October
7. RVs were measured from each spectrum by modeling
their rotational line profiles, derived via a least-square
deconvolution (Donati et al. 1997) of the observed spec-
trum against a non-rotating synthetic template gener-
ated with the ATLAS-9 model atmospheres (Castelli &
3Fig. 1.— The detrended SPOC 2-minute (black) and QLP 30-minute cadence (blue) TESS light curve of TOI 694. Six transits are clearly
seen, 5 of which were observed with 2-minute cadences.
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Fig. 2.— Zoom-in view of the phased TESS 2-minute cadence (grey), binned 2-minute cadence (black), and 30-minute cadence (blue)
light curve of the TOI 694 transit (left panel) and secondary eclipse (right panel). In the left panel, the red line is the fitted transit model,
and the residuals (data - model) are shown at the bottom. In the right panel, the dashed red line is the median relative flux value out of
transit. The error bars are not shown in order to improve visibility. The ingress and egress points are denoted at the top of the figure.
Hubrig 2004). The derived RVs are listed in Table 2. In
addition, for each target a single CHIRON spectrum was
observed in the slicer mode, with a resolving power of
R ∼ 80, 000, to be used for spectral characterization of
the primary star, described in Section 3.1.
For TIC 220568520 we measured RVs with the Aus-
tralian National University (ANU) 2.3 m/Echelle spec-
trograph at Siding Spring Observatory (New South
Wales, Australia) prior to obtaining the CHIRON spec-
tra. The ANU 2.3 m/Echelle is a slit-fed medium resolu-
tion spectrograph on the ANU 2.3 m telescope, located at
Siding Spring Observatory, Australia. The spectrograph
has a spectral resolving power of λ/∆λ ≡ R ∼ 23, 000
over the wavelength range of 3900 A˚ to 6700 A˚. A total
of eleven spectra were obtained for TIC 220568520 with
the ANU 2.3 m from UT 2019 January 17 to UT 2019
March 4th, at an average signal-to-noise ratio of ∼ 50
per resolution element over the Mg b Triplet wavelength
region for each observation. The spectra were reduced
and extracted based on the procedure described in Zhou
et al. (2014), and are listed in Table 2.
We obtained nine observations of TOI-694 with the
high resolution spectrograph CORALIE on the Swiss 1.2
m Euler telescope at La Silla Observatory, Chile (Queloz
et al. 2001) between UT 2019 October 17 and UT 2020
January 7. CORALIE has a resolution of R ∼ 60,000
and is fed by two fibers: a 2 arcsec on-sky science fiber
encompassing the star and another fiber that can either
connect to a Fabry-Pe´rot etalon for simultaneous wave-
length calibration or on-sky for background subtraction
of sky flux. We observed TOI-694 in the simultaneous
Fabry-Pe´rot wavelength calibration mode using an ex-
posure time of 1800 seconds. The spectra were reduced
with the CORALIE standard reduction pipeline and RVs
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Fig. 3.— 30-minute cadence TESS light curve of TIC 220568520 with 4 clear transit events.
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Fig. 4.— Zoom-in of the phased TESS light curve of TIC 220568520, centered on mid-transit (left) and the secondary eclipse (right). In
the left panel, the red line is the fitted transit model, and the residual (data - model) are shown at the bottom. In the right panel, the
dashed red line is the median relative flux value out of transit.
were computed for each epoch by cross-correlating with
a binary G2 mask (Pepe et al. 2002).
TOI-694 was observed also with the Fiber-fed, Ex-
tended Range, Echelle Spectrograph (FEROS; Kaufer et
al. 1999), mounted on the MPG/ESO 2.2 m telescope at
La Silla, Chile. observations were done by the WINE
collaboration, which is focused on the systematic char-
acterization of warm giant planets with TESS (Brahm
et al. 2019; Jorda´n et al. 2020). Four spectra of TOI-
694 were obtained between UT 2019 February 28 and
UT 2019 March 17 with an exposure time of 900 sec
and a SNR ranging from 53 to 76. Observations were
performed with the simultaneous calibration technique,
where a comparison fiber is used to trace the instrumen-
tal variations during the science exposure by registering
the spectrum of a ThAr lamp. FEROS data were re-
duced and processed with the CERES pipeline (Brahm et
al. 2017) which uses the optimal extraction routines pre-
sented by Marsh (1989) and delivers precise RVs and bi-
sector span measurements, which are presented in Table
2.
2.3. High Angular Resolution Imaging with SOAR
HRCam
We used high angular resolution imaging in order to
look for stars close to the targets’ position, within an
angular separation of 1–2′′, which cannot be identified
with regular seeing-limited imaging. If they exist, the
small separation might prevent them from being detected
by Gaia and included in the TIC (Stassun et al. 2018),
leading to an inaccurate estimate of the extent by which
light from the target is blended with light from nearby
stars, leading in turn to a biased estimate of the intrinsic
transit depth. It is also possible that nearby stars are
the source of the variability seen in TESS data.
We observed both targets with the high resolution cam-
era (HRCam, Tokovinin 2018) mounted on the southern
astrophysical research (SOAR) 4.1 m telescope, in Cerro
5TABLE 1
Target Information
Parameter TOI 694 TIC 220568520 Source
TIC 55383975 220568520 TIC V8a
R.A. 05:09:32.06 03:05:08.58 Gaia DR2b
Dec. -64:01:33.9 -62:51:24.56 Gaia DR2b
µra (mas yr−1) 6.468 ± 0.044 16.381 ± 0.038 Gaia DR2b
µdec (mas yr
−1) 25.987 ± 0.054 14.579 ± 0.036 Gaia DR2b
Parallax (mas) 4.438 ± 0.025 4.087 ± 0.021 Gaia DR2b
Epoch 2015.5 2015.5 Gaia DR2b
B (mag) 12.761 ± 0.015 13.326 ± 0.045 AAVSO DR9c
V (mag) 11.963 ± 0.069 12.039 ± 0.05 AAVSO DR9c
Gaia (mag) 11.7733 ± 0.00025 11.83746 ± 0.00023 Gaia DR2b
BP (mag) 12.2037 ± 0.0017 12.82419 ± 0.00075 Gaia DR2b
RP (mag) 11.21367 ± 0.00092 11.29765 ± 0.00055 Gaia DR2b
TESS (mag) 11.2595 ± 0.006 11.3458 ± 0.006 TIC V8a
J (mag) 10.616 ± 0.024 10.687 ± 0.026 2MASSd
H (mag) 10.207 ± 0.021 10.333 ± 0.022 2MASSd
KS (mag) 10.108 ± 0.019 10.270 ± 0.023 2MASSd
a Stassun et al. (2018).
b Gaia Collaboration et al. (2018).
c Henden et al. (2016).
d Cutri et al. (2003).
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Fig. 5.— Radial velocity curve of TOI 694 phase folded to the
orbital period of the companion. The different colors and markers
correspond to the different instruments used to obtain the data,
and the black line denotes the best-fit model. The residuals for
each instrument are shown in the bottom panel.
Pacho´n, Chile. HRCam uses the speckle interferometry
technique in a visible bandpass similar to that of TESS.
A detailed description of HRCam observations of TESS
targets is available in Ziegler et al. (2020). We observed
TOI 694 on UT 2019 July 14 and TIC 220568520 on
UT 2019 November 9. For both targets we detected no
nearby sources down to ∆mag ≈ 4.5 mag at 0.3′′ and
∆mag ≈ 5.0 at 1.0′′. The 5-σ SOAR/HRCam detection
sensitivity and the speckle auto-correlation function are
plotted in Figures 7 and 8.
3. DATA ANALYSIS
3.1. Primary Star Parameters
3.1.1. MESA Isochrones and Stellar Tracks Analysis
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Fig. 6.— Radial velocity curve of TIC 220568520 phase folded
to the orbital period of the companion. The different colors and
markers correspond to the different instruments used to obtain the
data, and the black line denotes the best-fit model. The residuals
for each instrument are shown in the bottom panel.
For the primary star in each system we derived ini-
tial values of the spectral parameters, Teff , log g, and
V sin(I), by matching each CHIRON spectrum against
a library of ∼10,000 observed spectra classified by the
Stellar Parameter Classification routine (Buchhave et al.
2012).
We then used the spectroscopic parameters along with
the Gaia DR2 parallax and magnitudes (G, BP , RP ),
2MASS magnitudes (J,H,KS), and AAVSO magnitudes
(B, V ) to perform an isochrone fit in order to further con-
strain the spectroscopic parameters and derive physical
parameters for the primary stars. The spectroscopic pa-
rameters, parallax, and magnitudes are used as priors to
determine the goodness of fit. We use the isochrone pack-
age (Morton 2015) to generate the isochrone models used
to sample the stellar parameters and find the best-fit pa-
6TABLE 2
Radial Velocities
Time RVa Error Instrument
BJD km s−1 km s−1
TOI 694b
2458542.63751 21.4803 0.0076 FEROS
2458545.58904 22.5943 0.0071 FEROS
2458556.62596 28.8646 0.0095 FEROS
2458559.60797 23.0099 0.0077 FEROS
2458763.86992 16.2069 0.0149 CHIRON
2458772.79219 17.0740 0.0104 CHIRON
2458773.77718 17.1886 0.0145 CHIRON
2458783.80427 19.5069 0.0068 CHIRON
2458789.75347 22.5803 0.0252 CHIRON
2458798.66760 23.0389 0.0159 CHIRON
2458803.64710 17.3233 0.0147 CHIRON
2458808.77574 16.2327 0.0156 CHIRON
2458873.59450 17.9937 0.0422 CHIRON
2458884.55191 21.6734 0.0214 CHIRON
2458889.56772 25.8525 0.0477 CHIRON
2458891.61208 27.4781 0.0359 CHIRON
2458893.56327 25.6463 0.0351 CHIRON
2458896.53063 19.8216 0.0386 CHIRON
2458773.75679 19.5107 0.0396 CORALIE
2458777.80659 20.2075 0.0631 CORALIE
2458781.77898 21.1769 0.0293 CORALIE
2458783.78105 21.8304 0.0406 CORALIE
2458786.77769 23.0417 0.0366 CORALIE
2458821.69504 19.4387 0.0295 CORALIE
2458842.72232 29.3174 0.0362 CORALIE
2458847.67201 23.4254 0.0283 CORALIE
2458855.64763 18.7321 0.0783 CORALIE
TIC 220568520c
2458500.97894 30.5575 0.0318 ANU 2.3 m/Echelle
2458502.09007 29.4386 0.5716 ANU 2.3 m/Echelle
2458505.04661 21.8699 0.0795 ANU 2.3 m/Echelle
2458506.00173 20.9493 0.2224 ANU 2.3 m/Echelle
2458532.91371 27.4253 0.2931 ANU 2.3 m/Echelle
2458534.91425 30.0442 0.1773 ANU 2.3 m/Echelle
2458536.92492 30.8171 0.1309 ANU 2.3 m/Echelle
2458537.91918 31.2864 0.2634 ANU 2.3 m/Echelle
2458538.90685 30.8376 0.1639 ANU 2.3 m/Echelle
2458541.95366 22.7282 0.3439 ANU 2.3 m/Echelle
2458546.92590 18.4931 0.3579 ANU 2.3 m/Echelle
2458726.90477 24.0542 0.0239 CHIRON
2458730.83770 15.3734 0.0217 CHIRON
2458740.84783 29.9363 0.0211 CHIRON
2458747.84631 17.6927 0.0115 CHIRON
2458749.85537 15.2544 0.0140 CHIRON
2458751.80097 17.1443 0.0172 CHIRON
2458753.79406 21.5104 0.0119 CHIRON
2458757.80128 29.1168 0.0187 CHIRON
2458761.75638 28.8378 0.0263 CHIRON
2458763.82222 24.6238 0.0131 CHIRON
a All radial velocities are barycentric.
b The Gaia DR2 RV is 20.70 ± 2.22 km s−1(Lindegren et al.
2018).
c The Gaia DR2 RV is 28.09 ± 1.79 km s−1(Lindegren et al.
2018).
rameters by using an MCMC routine. The routine con-
sists of 40 independent walkers each taking 25000 steps,
of which the first 2000 are discarded as burn-in.
The fitted spectroscopic parameters and derived phys-
ical parameters for the primary stars in each of the two
systems studied here are reported in Table 3. Both pri-
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Fig. 7.— Contrast curves showing the 5-σ detection sensitivity
and speckle auto-correlation functions obtained in I-band using
SOAR/HRCam for TOI 694 (TIC 55383975).
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Fig. 8.— Contrast curves showing the 5-σ detection sensitivity
and speckle auto-correlation functions obtained in I-band using
SOAR/HRCam for TIC 220568520.
mary stars are similar to each other, and similar to the
Sun (within 1–2 σ) albeit with higher metallicities.
3.1.2. Spectral Energy Distribution Analysis
For both TOI 694 and TIC 220568520 we performed
an analysis of the broadband spectral energy distribu-
tion (SED) together with the Gaia DR2 parallax in or-
der to determine an empirical measurement of the stel-
lar radius, following the procedures described in Stas-
sun & Torres (2016); Stassun et al. (2017, 2018). We
pulled the BV gri magnitudes from APASS, the JHKS
magnitudes from 2MASS, the W1–W4 magnitudes from
WISE, and the GGBPGRP magnitudes from Gaia. We
also considered the GALEX NUV flux for evidence of
chromospheric activity. Together, the available photom-
etry spans the full stellar SED over the wavelength range
of 0.2–22 µm (see Figure 9).
We performed a fit using Kurucz stellar atmosphere
models, with the priors on effective temperature (Teff),
surface gravity (log g), and metallicity ([Fe/H]) from
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Fig. 9.— Spectral energy distribution (SED) for TOI 694 (top)
and TIC 220568520 (bottom). Red symbols represent the observed
photometric measurements, where the horizontal bars represent the
effective width of the passband. Blue symbols are the model fluxes
from the best-fit Kurucz atmosphere model (black).
the analysis of the CHIRON spectra. The remaining
free parameter is the extinction (AV ), which we lim-
ited to the maximum permitted for the star’s line of
sight from the Schlegel et al. (1998) dust maps. The
resulting fits, plotted in Figure 9, have a reduced χ2
of 1.3 and 2.1, and AV = 0.12 ± 0.02 and 0.06 ± 0.02,
for TOI 694 and TIC 220568520, respectively. Integrat-
ing the model SED gives the bolometric flux at Earth
of Fbol = 5.199 ± 0.060 × 10−10 erg s−1 cm−2 and
4.77 ± 0.11 × 10−10 erg s−1 cm−2, respectively. Taking
the Fbol and Teff together with the Gaia parallax, ad-
justed by +0.08 mas to account for the systematic offset
reported by Stassun & Torres (2018), gives the stellar
radii as Rs= 0.992 ± 0.037 R and 0.992 ± 0.038 R,
respectively.
3.1.3. Stellar Mass via Radius and Surface Gravity
The empirical stellar radii determined above affords
an opportunity to estimate the stellar masses empiri-
cally as well, via the spectroscopically determined sur-
face gravity (log g= 4.45 ± 0.10 and 4.34 ± 0.10, re-
spectively). For TOI 694 and TIC 220568520 we ob-
tain Ms= 1.01 ± 0.13 M and 0.79 ± 0.19 M, respec-
tively. These are similar to the values estimated via the
eclipsing-binary based relations of Torres et al. (2010),
which give Ms= 1.00 ± 0.06 M and 1.09 ± 0.07 M,
respectively. For TOI 694, these values are nearly iden-
tical. For TIC 220568520, they differ by less than 2 σ.
3.1.4. Stellar Age via Gyrochronology
We estimate each star’s age from its rotational period,
Prot, which we calculate from the spectroscopic V sin(I)
together with the empirically determined radius above,
assuming I = 90◦. For TOI 694 and TIC 220568520
we obtain Prot ≈ 24.1 ± 5.6 d and 15.5 ± 2.3 d, respec-
tively. From the rotation-activity-age relations of Mama-
jek & Hillenbrand (2008), we obtain from the Prot and
the stellar B − V colors ages of τ = 3.8 ± 0.4 Gyr and
2.3± 0.3 Gyr, respectively.
3.2. Simultaneous Transit and RV Fit
In order to derive the orbital parameters and compan-
ion’s radius and mass, we performed model fitting using
allesfitter24 (Gu¨nther, & Daylan 2019; Gu¨nther &
Daylan 2020), enabling a joint analysis of the TESS tran-
sit light curve and the RV orbit. allesfitter is publicly
available, and provides an environment to analyze light
curves and RVs of binary star and star-planet systems.
It is based on various public packages including ellc for
light curve and RV modeling (Maxted 2016) and em-
cee for Markov Chain Monte Carlo sampling (Foreman-
Mackey et al. 2013).
We fit the following parameters:
• quadratic stellar limb-darkening parameters q1 and
q2, using the transformation from Kipping (2013),
with Gaussian priors centered on values derived
from Claret (2017). We chose the Gaussian prior
width (1 σ) to be 0.1, which reflects the uncertain-
ties on the host stars parameters.
• radius ratio, R2/R1, where 1 denotes the primary
star and 2 the secondary, with uniform prior from
0 to 1,
• sum of radii divided by the orbital semi-major axis,
(R1 +R2)/a, with uniform prior from 0 to 1,
• cosine of the orbital inclination, cos i, with uniform
prior from 0 to 1,
• orbital period, P with uniform prior from 0 to 1012
days,
• Primary eclipse epoch, T0, with uniform prior from
0 to 1012 days,
• RV semi-amplitude, K, with uniform prior from 0
to 50 km s−1,
• eccentricity parameters √e cos ω and √e sinω,
each with uniform prior from -1 to 1, where e is
the orbital eccentricity and ω the argument of pe-
riastron,
• RV zero point, γc, for each of the RV data sets,
• RV jitter terms, σc, for each of the RV data sets,
• white noise scaling term for the TESS data,
σc,TESS .
Initial guesses for the values of q1 and q2 were obtained
by matching the spectroscopic parameters of each pri-
mary star to the closest values of the coefficients u1 and
24 https://github.com/MNGuenther/allesfitter
8u2 of the quadratic limb darkening law listed in Claret
(2017), and transforming them to the corresponding val-
ues of q1 and q2. Initial guesses for R2/R1, (R1 +R2)/a,
cos i, P , and T0 were obtained using values provided
by the SPOC Data Validation Report for TOI 694 (Li
et al. 2019) and QLP Data Validation Report for TIC
220568520. Initial guesses for K and the 4 γc terms
were obtained by visually inspecting each data set. We
used an MCMC algorithm to explore the parameter space
and determine the best-fit parameters. We initialized the
MCMC with 100 walkers, performing 2 preliminary runs
of 1000 steps per walker to obtain higher-likelihood ini-
tial guesses for the nominal run of 15000 steps per walker.
We then discarded the first 2000 steps for each chain as
burn-in phase before thinning the chains by a factor of
10 and calculating the final posterior distributions. The
values and errors of the fitted and derived parameters
listed in Table 3 are defined as the median values and
68% confidence intervals of the posterior distributions,
respectively. The best-fit transit model light curve and
radial velocity model curve for TOI 694 are shown in
Figures 2 and 5, respectively. For TIC 220568520, they
are shown in Figures 4 and 6.
4. DISCUSSION
From the simultaneous fits of the TESS transit pho-
tometry and RV data, we derive TOI 694 b mass and
radius to be 89.0 ± 5.3 MJup (0.0849 ± 0.0051 M) and
1.111 ± 0.017 RJup (0.1142 ± 0.0017 R), respectively,
and TIC 220568520 b mass and radius to be 107.2 ±
5.2 MJup (0.1023 ± 0.0050 M) and 1.248 ± 0.018 RJup
(0.1282 ± 0.0019 R), respectively. We note that mass
uncertainties are dominated by the primary star mass
uncertainties and not the orbital parameters uncertain-
ties.
The two binary companions measured here are among
the smallest stars with a measured radius and mass.
To show them in the context of similar objects we plot
in Figure 10 the radius-mass diagram spanning brown
dwarfs and small stars, with a mass range of 0.01 –
0.21 M. We mark on that diagram the new objects
studied here (in red), and objects within that mass range
that have a measured radius reported in the literature
which we list in Table 425, with the exception of the in-
flated brown dwarf RIK 72 b (David et al. 2019).
We also plot in the radius-mass diagram the theoretical
isochrones for solar metallicity at ages of 1, 5, and 10 Gyr
taken from Baraffe et al. (2003, 2015), and the MESA
isochrones and stellar tracks (MIST26; Dotter 2016; Pax-
ton et al. 2011) at 5 Gyr with solar metallicity and metal-
licity of [Fe/H] = 0.25. The latter is close to the metal-
licity we measure for the primary star in TIC 220568520
which we assume is also the metallicity of the secondary.
The position in the radius-mass diagram of TOI 694
studied here is consistent with the 8 Gyr and [Fe/H] =
0.30 isochrone from Saumon & Marley (2008). In con-
25 The list given in Table 4 is the result of our efforts to compile
all objects reported in the literature within the mass range of 0.01
– 0.21 M whose radius is also measured. While we recognize
the possibility that a few objects may have unintentionally been
omitted from such a compilation, such omission is highly unlikely
to change the characaristics of the population of these objects, as
presented in Figures 10 and 11 and discussed in the text.
26 http://waps.cfa.harvard.edu/MIST/
trast, the position of TIC 220568520 is slightly below the
MIST relation for [Fe/H] = 0.25, with a distance in radius
of about 5%. This small inconsistency is in the opposite
direction of the inflated radius identified for stars of sim-
ilar mass (e.g., Ribas 2006; Torres et al. 2010; Kesseli
et al. 2018) and believed to be the result of enhanced
magnetic fields in rapidly rotating stars (e.g, Chabrier et
al. 2007). However, the recent work of Han et al. (2019)
and von Boetticher et al. (2019) showed that the radii
of many low-mass fully convective stars are consistent
with theoretical expectations without invoking enhanced
magnetic fields.
Fast rotation, which leads to enhanced magnetic fields,
can result from spin-orbit tidal synchronization of short
period systems (Mazeh 2008). The two systems stud-
ied here have relatively long orbital periods, of 18.6 days
(TIC 220568520) and 48.1 days (TOI 694), longer than
95% (TOI 694) and 87% (TIC 220568520) of the sys-
tems listed in Table 4. Therefore these systems are not
expected to have reached tidal synchronization. Even if
the low-mass binary companions have reached pseudo-
synchronization (Hut 1981; Zimmerman et al. 2017), the
rotation periods would be longer than the typical few
days orbital periods of most of the systems in Table 4.
Therefore, whether or not enhanced magnetic fields af-
fect the radius of low-mass stars, it is not likely that they
affect the radius of the two low-mass stars studied here.
Both systems studied here have a non-circular orbit,
with well-measured orbital eccentricity. That is expected
given their relatively long orbital periods, leading to a
predicted orbital circularization time scale on the order
of 1014–1015 years (Hilditch 2001). We show in Figure 11
the orbital eccentricity as a function of scaled semi-major
axis and orbital period for all of the systems with brown
dwarfs and low-mass stellar secondaries listed in Table 4.
The figure shows TIC 220568520 with an eccentricity at
the lower end of the eccentricity range of systems with
similar orbital periods, and TOI 694 with an eccentricity
close to the upper end of that of systems at similar orbital
periods.
Tidal alignment for well separated binaries occurs on
a similar timescale as tidal synchronization (Hut 1981).
For the two systems studied here, the synchronization
timescales are on the order of 1012 years, meaning that
these systems are not expected to be aligned due to
tidal alignment mechanisms, although, they may have
formed in aligned configurations. Therefore, measur-
ing the primary star’s obliquity, through the Rossiter-
McLaughlin (RM) effect (e.g., Albrecht et al. 2007; Gaudi
& Winn 2007; Triaud 2018), can probe their formation
process (e.g., Pringle 1989; Bonnell et al. 1992; Bonnell
1994; Fabrycky & Tremaine 2007). The predicted semi-
amplitudes of the RM RV signal are 17 m s−1 and 35
m s−1 for TOI 694 and TIC 220568520, respectively (De-
rived using Eq. 1 of Triaud 2018).
The well-measured orbits and transits allow us to cal-
culate the expected phase and duration of the secondary
eclipses, where the low-mass star moves behind the pri-
mary star. A detection of a secondary eclipse and a mea-
surement of its depth can constrain the temperature of
the low-mass object, leading to a more complete charac-
terization. The phase folded light curves of TOI 694 and
TIC 220568520 during secondary eclipse phase are plot-
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Fitted and derived Parameters
Parameter TOI 694 TIC 220568520
Value Error Value Error
Host star Parameters
M1 (M) 0.967 +0.047−0.040 1.030
+0.043
−0.042
R1 (R) 0.998 +0.010−0.012 1.007
+0.010
−0.009
ρ1a (g cm−3) 1.51 +0.15−0.13 1.445
+0.064
−0.074
L1 (L) 0.819 +0.047−0.044 0.890
+0.047
−0.044
Teff (K) 5496
+87
−81 5589 81
[Fe/H] 0.21 0.08 0.26 0.07
log g 4.425 +0.028−0.025 4.445
+0.023
−0.025
Age (Gyr) 7.33 +2.92−3.02 4.09
+2.60
−2.28
V sin(I) (km s−1) 2.18 0.5 3.4 0.5
Fitted parameters
q1,TESS 0.345
+0.078
−0.070 0.418
+0.080
−0.074
q2,TESS 0.308
+0.084
−0.079 0.374 0.071
R2/R1 0.1145
+0.0012
−0.0013 0.1274
+0.0014
−0.0013
(R1 +R2)/a 0.01960 0.00064 0.03791
+0.00070
−0.00056
cos i 0.0152 +0.0020−0.0023 0.0075
+0.0030
−0.0040
T0 (BJD - 2,457,000) 1366.77176 0.00064 1337.72060 0.00082
P (d) 48.05131 0.00019 18.55769 0.00039
K (km s−1) 5.645 0.011 7.428 0.035√
e cos ω 0.61438 +0.00072−0.00078 -0.2709 0.0080√
e sinω 0.3768 +0.0016−0.0015 0.151 0.016
γc,ANU (km s
−1) - - 24.50 0.22
γc,CHIRON (km s
−1) 19.368 0.013 23.285 0.028
γc,FEROS (km s
−1) 21.6187 0.0062 - -
γc,CORALIE (km s
−1) 21.645 0.012 - -
ln σc,ANU [km s
−1] - - -0.37 +0.21−0.23
ln σc,CHIRON [km s
−1] -3.21 0.34 -2.56 +0.36−0.30
ln σc,FEROS [km s
−1] -12.7 6.9 - -
ln σc,CORALIE [km s
−1] -13.5 6.5 - -
ln σc,TESSSC
b -6.242 0.012 - -
ln σc,TESSLC
c -7.21 +0.20−0.17 -7.313 0.055
Derived Parameters
i (◦) 89.13 +0.13−0.11 89.57
+0.23
−0.17
a (AU) 0.2638 +0.0092−0.0086 0.1391
+0.0025
−0.0027
bd 0.497 +0.048−0.060 0.211
+0.081
−0.11
Ttote (h) 4.328
+0.037
−0.035 5.018 0.035
Tfull
f (h) 3.179 0.068 3.834 +0.050−0.058
e 0.51946 0.00081 0.0964 +0.0034−0.0030
ω (deg) 31.52 +0.13−0.12 150.9 3.2
R2 (RJup) 1.111 0.017 1.248 0.018
M2 (MJup) 89.0 5.3 107.2 5.2
a Derived from simultaneous fit of TESS photometry and RV measurements.
b TESS 2 minute cadence data.
c TESS 30 minute cadence data.
d Impact parameter.
e From 1st to last (4th) contacts.
f From 2nd to 3rd contacts.
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ted in the right panels of Figures 2 and 4, respectively.
For each object we calculated the mean and standard
deviation (root mean square) of all measurements deter-
mined to be within the secondary eclipse while removing
5-σ outliers. For TOI 694 the measured secondary eclipse
depth of the binned 2-minute cadence data is -75 ± 1164
ppm, and for TIC 220568520 it is 190 ± 811 ppm. While
these are obviously non-detections, they are consistent
with the expected TESS-band shallow secondary eclipses
given the expected effective temperatures of the small
low-mass companions. By assuming blackbody spectra
and integrating across the TESS band we derive an ex-
pected secondary eclipse depth of ≈300 ppm for TOI
694 assuming its effective temperature is 2,600 K, and
≈580 ppm for TIC 220568520 assuming its effective tem-
perature is 2,800 K.
While the secondary eclipses are not detected in TESS
data and are too shallow to be detected from the ground
in visible light, they are expected to be deeper, and per-
haps detectable, in longer wavelengths. For example,
in the K-band (centered around 2.1 µm) the expected
depths are ≈2300 ppm and ≈3900 ppm, for TOI 694
and TIC 220568520, respectively. More broadly, a com-
parison between the expected secondary eclipse depths
and the uncertainty of the measured secondary eclipse
depths (see previous paragraph) shows that for simi-
lar objects but with shorter orbital periods (and hence
longer eclipses in phase) and brighter primary stars the
noise level can potentially allow a detection of the sec-
ondary eclipse for low-mass stars.
5. SUMMARY
We presented the discovery of two low-mass stars that
are transiting (eclipsing) binary companions to Sun-like
stars with eccentric orbits. The two low-mass stars are at
the very bottom of the main sequence, close to and above
the Hydrogen burning mass threshold. They join a short
but growing list of low-mass stars with well-measured
mass and radius. The relatively long orbital period of
both systems means that the low-mass stars’ radius is
not likely to be impacted by enhanced magnetic fields,
and we find their position in the radius-mass diagram to
be consistent with theoretical models.
These discoveries emphasize the potential of transit
surveys for detecting rare transiting low-mass binary
companions, since given the similarity in radius of ob-
jects between ∼1 Jupiter mass gas-giant planets through
∼100 Jupiter mass stars, transiting gas-giant planet can-
didates are also, by definition, low-mass star candidates.
During the TESS Extended Mission the two targets stud-
ied here will be observed again, leading to a refined tran-
sit light curve measurement and tighter upper limits on
the secondary eclipse or possibly a secondary eclipse de-
tection.
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